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Edited by Lev KisselevAbstract Glucose induced translation of insulin in pancreatic
beta cells is mediated by the 5 0UTR of insulin mRNA. We deter-
mined the minimal sequence/structure in the 5 0UTR of rat insulin
gene1 for this regulation. We show that speciﬁc factors in the
pancreatic islets bind to the 5 0UTR of the insulin mRNA upon
glucose stimulation. We identiﬁed a minimal 29-nucleotide ele-
ment in the 5 0UTR that is suﬃcient to form the complex, and
confer glucose mediated translation activation. Conserved resi-
dues in the predicted stem loop region of the un-translated region
(UTR) seem to be important for the complex formation and the
translation regulation.
 2007 Federation of European Biochemical Societies. Published
by Elsevier B.V. All rights reserved.
Keywords: Insulin; Translation; 5 0UTR1. Introduction
Insulin is produced by b-cells of pancreatic islets in response
to glucose, and is responsible for glucose homeostasis. The ini-
tial response to glucose includes an increase in translation and
secretion with nominal alterations in the mRNA levels of insu-
lin [1,2]. The levels of insulin mRNA remains unchanged for
ﬁrst 60 min of glucose stimulation [3,4]. Transcriptional regu-
lation of insulin mRNA occurs at the later stages of stimula-
tion, and transcriptional inhibitors dampen the translational
response only after several hours [5]. Thus, glucose exerts its
immediate eﬀect at the post-transcriptional level to increase
the biosynthesis of insulin. Glucose stimulates general protein
synthesis by about twofold, while the proinsulin translation is
induced by several-fold over the basal glucose stimulation, sug-
gesting a speciﬁc translation regulation [6,7].
A role for the 5 0UTR in translation regulation of insulin was
shown by the ability of the 5 0UTR to increase the translation
of reporter gene upon glucose stimulation [8]. The role of the
3 0UTR has been elucidated in stabilizing the insulin mRNA
[9]. The mechanism underlying the 5 0UTR mediated transla-
tion regulation of insulin mRNA is still unclear. It is likely that
elements within the 5 0UTR of insulin mRNA will interact with
trans-acting factors to mediate this regulation. 5 0UTR of ratAbbreviations: UTR, un-translated region; EMSA, electrophoretic
mobility shift assay; LG, low glucose; HG, high glucose
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doi:10.1016/j.febslet.2007.07.050insulin gene1 is 57 bases long and mfold algorithm predicts a
stem1-bulge-stem2-loop structure for the insulin 5 0UTR
(Fig. 3A). We in this study report the functional analysis of
the insulin 5 0UTR in glucose stimulated translation. We have
characterized the 5 0UTR for its role in the translation regula-
tion of insulin by RNA electrophoretic mobility shift assay
(EMSA) and in vitro translation assays. We show that speciﬁc
factors bind to the 5 0UTR of the insulin mRNA and are
responsible for the translation regulation.2. Materials and methods
2.1. Isolation of pancreatic islets and preparation of extracts
Rat islets of Langerhans isolated by collagenase digestion from adult
Wistar rats were cultured free ﬂoating for 12 h in DMEM containing
10% fetal bovine serum. The islets were incubated in serum free
DMEM low glucose (2.7 mM) medium for 1.5 h, followed by incuba-
tion in either high (16.7 mM) or low glucose DMEM for speciﬁed time.
An aliquot of the islet incubation medium was collected for insulin esti-
mation by ELISA (Mercodia). Protein extracts were prepared by
Dounce homogenization of the islets in lysis buﬀer (50 mM Tris (pH
7.6), 50 mM NaCl, 1 mM DTT, and protease inhibitor).
2.2. Preparation of non-pancreatic extracts
Rat spleen or liver were minced and macerated between corrugated
slides. The debris was removed and the cells were collected by centri-
fugation at 800 g. The cells were grown for 12 h in RPMI-1640 and
used for experiments.
2.3. In vitro transcription of the insulin 5 0UTR fragments
0.15 pm of annealed double stranded oligonucleotide coding for
insulin 5 0UTR was transcribed using T7 RNA-polymerase in presence
of 50 lCi [a-32P] UTP. Unlabeled competitor RNA were prepared
using 10 pm of the speciﬁc annealed oligonucleotide as template using
T7-Megashortscript (Ambion). After transcription, DNA was digested
by DNAse1, and the RNA was puriﬁed by passing through Sephadex-
G10 column.
2.4. RNA-EMSA
Radio-labeled insulin 5 0UTR (38 fmol) was incubated with 4 lg of
cell extract for 30 min at 4 C in 20 ll reaction containing 1· gel shift
buﬀer (5 mM Tris (pH 7.5), 15 mM KCl, 0.25 mM DTT, 5 mM
MgCl2, 4 lg of yeast tRNA, 40 U of RNasin, and 10% glycerol).
The reaction was resolved on a 6% native PAGE in 0.5· TBE. Com-
petitive RNA-EMSA was performed by adding 70-fold molar excess
of unlabeled competitor to the radio-labeled probe followed by the
addition of extracts.
2.5. UV Cross-linking
RNA-EMSA samples were placed 10 cm from an ultraviolet light
source and irradiated for 7 min at 4 C, at 120 mJ/cm2, then treated
with RNaseA (500 lg/ml) at 37 C for 15 min. Samples were heat dena-
tured and resolved on SDS–PAGE.blished by Elsevier B.V. All rights reserved.
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Double stranded oligonucleotide corresponding to insulin 5 0UTR
and 3 0UTR were synthesized and cloned into the pSP64-Luc-polyA
plasmid (from Dr. Paul Fox, LRI, Cleveland Clinic Foundation) to
generate pSP64-Ins50UTR-Luc-Ins3 0UTR-polyA plasmid. The del14-
16; 41–43, and the Con1 minimal sequence were cloned using a similar
strategy. Capped Luc RNA was transcribed using these plasmids as
template and mMessage machine SP6-polymerase (Ambion). Renilla
luciferase was transcribed from pRL-CMV plasmid (Promega) with
T7-polymerase.2.7. In vitro translation
30 fmol of the capped luciferase RNA and 15 fmol of Renilla Luci-
ferase RNA were translated in the presence of 2 lg of pancreatic/spleen
extracts, 80 U of RNAsein, and rabbit reticulocyte lysate (Promega),
for 30 min. In decoy experiments, competitors were added in 70-foldA
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Fig. 1. (A) Time course assay of proteins binding to insulin 5 0UTR by RN
indicates the free probe without any extract. The bottom panel shows the fo
diﬀerent time points as an average of four experiments. The error bars ind
medium, at indicated time. The graph depicts the average of three experimemolar excess to the luciferase RNA. Translation was assessed using
dual-luciferase method (Promega).3. Results
3.1. Glucose induces 5 0UTR–protein complex formation
We studied the interaction of the 5 0UTR of rat insulin gene1
with the factors in the pancreatic b-islets. The 5 0UTR forms a
speciﬁc RNA–protein complex when incubated with beta cell
extracts. Formation of the complex was induced in high glu-
cose (HG) treated extracts in as early as half hour of treatment
with maximal induction (twofold) at 1 h when compared to
low glucose (LG) treatment (Fig. 1A). The secreted levels ofLG Η
G
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G
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iments show a correlation between the binding activity and the
insulin secretion.
We further analyzed the speciﬁcity of this RNA–protein
interaction by competitive RNA-EMSA. A 70-fold molar ex-
cess of an unlabeled 5 0UTR RNA was able to compete out
the labeled complex. But a similar fold excess of Min or 2 lg
of HepG2 total RNA failed to compete (Fig. 2A). Min-RNA
is derived by deleting bases 1–7, 23–36 and 54–57 in rat insulin
gene1 5 0UTR (Supplementary Fig. 1). The binding was speciﬁc
to the pancreatic extracts as similar amount of protein extracts
from low glucose or high glucose treated extracts from spleen
or liver fails to form this speciﬁc complex (Fig. 2A). UV expo-
sure links the radioactive 5 0UTR to two proteins of about
85 kDa and 49 kDa (Fig. 2B). Increased cross-linking was ob-
served with HG extracts, and was speciﬁcally competed out by
unlabeled 5 0UTR RNA but not by the non-speciﬁc Min-RNA.
These experiments clearly show that glucose stimulates speciﬁc
binding of factors to the 5 0UTR of insulin.A
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Fig. 2. (A) Competitive RNA-EMSA was performed as mentioned in Sect
extracts and the competitors. The unlabeled competitors were 5 0UTR (self),
interaction by UV cross-linking. UV cross-linking experiment was performe
were 5 0UTR (self) and Min RNA.3.2. Stem loop structure of the insulin 5 0UTR is essential for the
RNA–protein complex formation
Competitive RNA-EMSA was performed using fragments
of 5 0UTR RNA (deletions/mutations) as competitors to char-
acterize the 5 0-UTR for protein binding. mfold algorithm pre-
dicts a stem1-bulge-stem2-loop structure for the insulin 5 0UTR
(Fig. 3A). Deletions of the unpaired bases in the 5 0 (bases 1–7)
and the 3 0 (bases 54–57) end of the UTR do not aﬀect the com-
plex formation as these RNA are able to compete eﬀectively
with labeled 5 0UTR probe (Fig. 3B). Deletion of the stem1
(del 9–12; 45–48) or the bulge (del 14–16; 41–43) or loop (del
23–36) all resulted in the RNA that failed to compete with
the 5 0UTR for binding, suggesting the importance of these
regions for the complex formation (Fig. 3B).
3.3. Analysis of the stem loop regions in insulin 5 0UTR
The bases in the stem sequence were changed to their com-
plementary nucleotides, to analyze the importance of the pre-
dicted stem region in RNA–protein complex formation. In thisSe
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ture is retained (Supplementary Fig. 1B). We modiﬁed the
stem1 (Mut1), stem2 (Mut2) individually and together
(Mut3). Each mutant RNA was able to compete out the com-
plex formation eﬀectively (Fig. 3C). These results suggest that
the primary sequence of the stem region may not be important
for the complex formation. The A15U mutant RNA (Mut4),
which removes the bulge to make a single long stem, and the
A19G; A38C mutant (Mut5) that stabilizes the stem2 by
increasing it by two bases, were able to compete eﬀectively
(Fig. 3C). These results suggest that an unpaired bulge residue
or a weak stem2 is not necessary for the complex formation.
Comparison of insulin 5 0UTR from diﬀerent mammalian
species revealed several conserved residues (Supplementary
Fig. 2). Based on the conservation and our results we arrived
at a minimal element (Con1) of 29 nucleotides (Fig. 3A).
Con1 consists of a single 9 bp stem and 11 bases loop including
several conserved residues. This sequence was able to compete
for the protein factors binding to the 5 0UTR in competitive
EMSA (Table 1), and was able to form a complex which could
be competed out by 5 0UTR but not by the mutant RNA
(Fig. 3D). UV-cross-linking of Con1 labels two proteins of
molecular weights similar to those obtained with insulin
5 0UTR (Supplementary Fig. 3A).
We analyzed this minimal sequence by competitive RNA-
EMSA and the results are summarized in Table 1. Alteration
to the stem length does not aﬀect the binding signiﬁcantly
(Con2; 10 bp stem, Con3; 8 bp stem). The A42 residue at the
bulge position seems to be important for binding as RNA with
alteration in this position failed to compete (Con5 and Con10).
The position of this residue seems to be important as inter-
changing the U-A from its position (3 bp from loop) to a posi-
tion just 1 bp below the loop (Con17), also rendered the
competitor less eﬀective, suggesting that the relative position
of A42 may aﬀect the interaction with the protein (Table 1).
Many residues in the loop region seem to be playing a role
in complex formation as alterations to these residues makes
the RNA ineﬀective as competitor (Table 1).A
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Fig. 3. (A) Secondary structure of the rat insulin 5 0UTR gene1, and
the minimal 29 nucleotide element that is necessary for the binding as
predicted by mfold algorithm. The nucleotide substitution in the Con1
is indicated by light lettering. (B) RNA-EMSA analysis of insulin
5 0UTR deletion fragments using radioactive insulin 5 0UTR as probe.
The lane indicates the competitor used with the speciﬁed deletions in
the 5 0UTR. (C) Mutational analysis of rat insulin 5 0UTR. The
competitor used in each lane is described in Section 3. (D) RNA-
EMSA using the minimal insulin 5 0UTR (Con1) and pancreatic
extract. The competitors used were Con1 (self), 5 0UTR and Con10.3.4. 5 0UTR contributes to translation activation by glucose
In vitro translation of the luciferase RNA containing the
5 0UTR of insulin was performed in the presence of extracts,
to study the role of 5 0UTR in translation regulation. A speciﬁc
1.5-fold increase in translation of luciferase was observed in
the presence of the HG extracts when compared with the trans-
lation in presence of the LG extract (Fig. 4). The 5 0UTR or the
minimal length Con1 RNA, when added to the translation mix
as a decoy, abolished the increase in translation, while the non-
binding del 14–16; 41–43 deletion and Con10 had no eﬀect
(Fig. 4). Translation of renilla luciferase was used for normal-
izing. Luciferase RNA containing the del 14–16; 41–43 in its
5 0UTR along with full length 3 0UTR did not show any speciﬁc
increase in translation and the decoys had no eﬀect while re-
porter containing the minimal element in its 5 0UTR along with
full length 3 0UTR showed an increased response to glucose
(Fig. 4). The diﬀerences in the translation of luciferase gene
are not due to changes in mRNA stability, as RT PCR analysis
showed similar levels of luciferase RNA after translation (Sup-
plementary Fig. 4). These results show that the formation of
speciﬁc RNA–protein complex correlates with increased trans-
lation in response to glucose.4. Discussion
Translation regulation of insulin by glucose has been previ-
ously reported [10], however the mechanism underlying this
regulation has not been elucidated. In this study we have
shown that factors from pancreatic islets binds speciﬁcally to
5 0UTR of the insulin gene1 upon glucose stimulation. We have
identiﬁed a minimal region in this 5 0UTR region that is suﬃ-
cient for the binding of proteins and confers translation regu-
lation. The primary sequence of the stem is not essential for the
complex formation, except A42, but the stem structure seems
to be important.
Knight and Docherty have previously reported that the
5 0UTR of the insulin mRNA binds to speciﬁc protein(s) in var-
ious cell lines [11]. Neither glucose responsiveness nor any
speciﬁcity of the RNA–protein interaction to insulin secreting
cells was reported. Sequence comparison of the 5 0UTR of
mouse, human, and rat insulin genes reveals the same con-
served stem-internal loop-short stem and terminal loop struc-
ture in all of them. Extracts prepared from mouse pancreas
or btc6 cells show a speciﬁc binding activity, which is induced
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Table 1
Eﬀectiveness of various Con mutants as competitors in RNA-EMSA
Competitor Alteration compared to Con1 Eﬀectiveness as competitor
Con1 9 bp stem +++
Con2 10 bp stem +++
Con3 8 bp stem ++
Con4 Change of UCA in loop to CAU +
Con5 Change of A42 to U 
Con6 Change of ﬁrst CA to AC in the loop 
Con7 Removal of GA in the loop +
Con8 Change of C’s in the loop to A’s 
Con9 Change of A’s in the loop to U’s 
Con10 8 bp stem and change of A42 to U 
Con11 Removal of ﬁrst and the last A of the loop +
Con12 Change of ﬁrst C in the loop to A 
Con13 Change of GA in the loop to CU +
Con14 Change of the second C in the loop to U +
Con15 Change of second last A in the loop to U 
Con16 Change of last C to A +
Con17 Interchange of U15-A42 with C17-G40 bp in the stem 
Eﬀectiveness as the competitor was assessed from data in the Supplementary Fig. 3B.
The numbers reﬂect the position of the nucleotide in the insulin 5 0UTR.
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conservation of UTR and the binding factors.
Rat has two non-allelic preproinsulin (gene1 and gene2) with
diﬀerences in their UTR and open reading frame. Recent stud-ies show the binding of glucose responsive factor to the 5 0UTR
of rat insulin gene2 [12]. We observe similar induction in bind-
ing of protein factors to 5 0UTR of rat insulin gene1 upon glu-
cose induction. Their study show that a 9 base element in the
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Fig. 4. Translation regulation mediated by insulin 5 0UTR. In vitro translation of capped Ins5 0UTR-Luc-Ins3 0UTR-polyA, Ins(del 14–16; 41–43)-
Luc-Ins3 0UTR-polyA, or InsCon1-Luc-Ins30UTR-polyA RNA in presence of LG or HG extracts. The decoys used are, insulin 5 0UTR, Con1, del
14–16; 41–43 (del), or Con10. Translation was quantitated by dual luciferase assay and the graph shows the fold induction of normalized luciferase
activity, with activity in presence of LG extracts set to 1. The graph represents the average of experiments with three diﬀerent sets of extracts, and the
error bars represent the S.E.
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ever, translation of human insulin, with 5 0UTR or its splice
variant, in which the 9-base is retained, shows diﬀerent levels
of response to glucose stimulation, suggesting that apart from
the 9 base element other sequence/structure contribute to the
translational regulation. While these authors suggest that the
binding factor is translation repressor, our in vitro translation
data suggest that the factors binding to 5 0UTR of insulin gene1
cause translation activation. It is possible that the rat insulin
gene1 and gene2 are diﬀerentially regulated at the translation
level due to the diﬀerences in the 5 0UTR sequence.
Glucose mediated stimulation of proinsulin synthesis is by
selective recruitment of ribosome-associated proinsulin
mRNA to the ER along with increase in rate of translation ini-
tiation [13]. Such eﬀects could be mediated by binding of an
activator selectively to the insulin mRNA upon glucose induc-
tion. The activator may enhance the assembly of the transla-
tion initiation factors or the ribosome to the 5 0UTR.
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